Here we report that the archaellum of Methanospirillum hungatei is electrically 14 conductive. Our analysis of the previously published archaellum structure suggests 15 that a core of tightly packed phenylalanines is one likely route for electron 16 conductance. This is the first demonstration that electrically conductive protein 17 filaments (e-PFs) have evolved in Archaea and is the first e-PF for which a structure 18 is known, facilitating mechanistic evaluation of long-range electron transport in e-19 PFs. 20 21 22
Electrically conductive pili (e-pili) expressed by microbes in the domain Bacteria 23 play an important role in extracellular electron exchange between cells and their 24 extracellular environment 1,2 . e-Pili are found in diverse bacteria 1,3 , but have been studied 25 most extensively in Geobacter sulfurreducens, and related Geobacter species, in which e-26 pili are essential for long-range electron transport to Fe(III) oxide minerals, interspecies 27 electron transfer, and electron conduction through biofilms
1 . e-Pili enable unprecedented 28 long-range (µm) electron conduction along the length of a protein filament, which not 29 only has important biological implications, but also suggests diverse applications for 30 these 'protein nanowires' as a sustainably produced electronic material 1,4-6 . There is 31 substantial debate over the potential mechanisms of long-range electron transport in e-pili 32 1,5,6 , which is unresolved in large part because of the lack of a definitive e-pili structure. 33
Although it has been possible to determine the structure of some pili with cryo-electron 34 microscopy (cryo-EM) 7 , to date, the thin diameter (3 nm) and high flexibility of G. 35 sulfurreducens e-pili have thwarted structural determination with the cryo-EM approach. 36
The finding that e-pili have independently evolved multiple times in Bacteria 3 , 37 raised the question of whether conductive protein filaments have ever evolved in 38
Archaea. Diverse Archaea exchange electrons with their extracellular environment, 39 reducing extracellular electron acceptors or engaging in direct interspecies electron 40 transfer (DIET) with bacteria 2,8 . The alpha-helix filament structure of archaella 41 resembles that of type IV pili 7,9,10 , suggesting at least a remote possibility of producing 42 an electrically conductive archaellum (e-archaellum) with properties similar to e-pili. 43 We chose the methanogen Methanospirillum hungatei for the initial search for an 44 e-archaellum because M. hungatei is capable of reducing extracellular electron acceptors 45 11 ; archaellum expression is readily induced in M. hungatei 12 ; and a cryo-EM (3.4 Å) 46 structure of the archaellum is available 10 . M. hungatei cells were drop-cast on highly 47 ordered pyrolytic graphite (HOPG) and examined with conductive atomic force 48 microscopy, in which a conductive tip serves as a translatable top electrode. Cells with a 49 polar archaellum with the expected height of 10 nm 10 were readily detected with 50 topographic imaging in contact mode (Fig. 1a,b,d ). Conductive imaging demonstrated 51 that the archaellum was electrically conductive (Fig. 1c, d , e). Point-mode current-52 voltage (I-V) spectroscopy revealed a linear-like response with currents that were higher 53 than at the same voltage with G. sulfurreducens e-pili prepared in the same manner ( and an outer sleeve (Fig. 2a) . The aromatic rings in the middle and outer sleeves appear 87 too widely spaced to support conductivity (Fig. 2c,d) . However, phenylalanine rings in 88 the core are packed almost as close as is physically possible 15 . The distances between 89 ring centers of Phe1 and Phe13 are 4.5 and 5.1 Å (Fig. 2e) , which is conceivably close 90 enough for π-π interactions, similar to the π-π interactions proposed to be involved in 91 electron conduction along G. sulfurreducens e-pili 16-18 . 92 We suggest that this phenylalanine core is at least one of the features contributing 104
to the e-archaellum conductivity, consistent with recent experimental evidence that has 105 suggested that phenylalanines within the hydrophobic core of an amino acid α-helical 106 structure can facilitate long-range electron transport 19, 20 . Genetic manipulations to alter 107 the position of phenylalanines within the M. hungatei archaellum, analogous to the 108 approach that has been used to evaluate the role of aromatic amino acid stacking in G. 109 sulfurreducens e-pili 13,14,17,18 , would provide a further test of this hypothesis. The added 110 benefit of such studies with the M. hungatei e-archaellum is that it will be possible to 111 directly examine structural modifications to electron conductance pathways with cryo-112 EM. In the absence of genetic tools for M. hungatei, it will be necessary to 113 heterologously express the gene for the M. hungatei archaellin in a genetically tractable 114 archael host, similar to the expression of heterologous e-pili in G. sulfurreducens 3 , or to 115 identify a similar e-archaellum in a genetically tractable archaeon. 116
Microbially produced protein nanowires show substantial promise as a sustainable"green" electronic material with possibilities for functionalization and biocompatibility 118 not available with other nanowire materials 1,4-6 . e-Archaella offer a unique opportunity 119 directly examine how synthetic designs to tune conductivity and/or add functionality 120 influences protein nanowire structure, enabling a less empirical approach to the design of 121 protein nanowire electronics. 122
The discovery of e-archaella indicates that a search for electrically conductive 123 protein filaments in other Archaea as well as the Eukarya is warranted. M. hungatei was grown as previously described 12 in low phosphate medium to induce 133 archaellum expression. An aliquot (100 µl) of the culture was drop-cast onto highly 134 oriented pyrolytic graphite (HOPG). Cells were allowed to attach to the HOPG for 10 135 min and then the liquid was removed with a pipette tip. The surface was washed twice 136 with 100 µl of deionized water, the surface was blotted dry at the edge with a Kimwipe, 137 and placed in a desiccator overnight. Samples were equilibrated with atmospheric 138 humidity for at least two hours. Conductive atomic force microscopy was performed 139 using an Oxford Instruments/Asylum Research Cypher ES atomic force microscope. All 
